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1
NANOWIRE FIELD EFFECT TRANSISTOR
WITH INNER AND OUTER GATES

BACKGROUND

The present invention relates generally to semiconductor
fabrication, and more particularly, to nanowire field effect
transistor (NFET) structures and methods of fabrication.

Nanotechnology has gained widespread use in the semi-
conductor industry as a way to meet scaled technology
requirements. For example, nanowires are currently being
used to form the channel regions in field-effect transistors
(FETs).

SUMMARY

Embodiments of the present invention disclose a method,
and a nanowire semiconductor device with inner and outer
gates. A semiconductor device comprising a suspended semi-
conductor nanowire inner gate and a first epitaxial dielectric
layer which surrounds a nanowire inner gate. The first epi-
taxial dielectric layer surrounds an epitaxial semiconductor
channel. The epitaxial semiconductor channel further sur-
rounds a second dielectric layer. A gate conductor surrounds
the second dielectric layer, where the gate conductor is pat-
terned into a gate line and defines a channel region overlap-
ping the gate line. The semiconductor device contains source
and drain regions adjacent to the gate line.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

FIG. 1 is cross sectional schematic view depicting a start-
ing wafer of a semiconductor device, according to an embodi-
ment of the present disclosure.

FIG. 2A is a top view and FIG. 2B is a cross sectional
schematic view depicting a process for forming a patterned
layer on semiconductor device, according to an embodiment
of the present disclosure.

FIG. 3A is a top view and FIG. 3B is a cross sectional
schematic view depicting a partial etching process and sus-
pension of a layer on semiconductor device, according to an
embodiment of the present disclosure.

FIG. 4A is a top view and FIG. 4B is a cross sectional
schematic view depicting an application of layers on semi-
conductor device, according to an embodiment of the present
disclosure.

FIG. 5A is a top view and FIG. 5B is cross sectional
schematic view depicting an outer gate dielectric layer depo-
sition on semiconductor device, according to an embodiment
of the present disclosure.

FIG. 5C s a cross sectional schematic view of the outer and
inner gate, according to an embodiment of the invention.

FIG. 6A is a top view and FIG. 6B is a cross sectional
schematic view depicting deposition of sidewall spacers on a
semiconductor device, according to an embodiment of the
present disclosure.

FIG. 7A is a top view and FIG. 7B is a cross sectional
schematic view depicting deposition of a heavily doped semi-
conductor layer on a semiconductor device, according to an
embodiment of the present disclosure.

FIG. 8A is a top view and FIG. 8B is a cross sectional
schematic view depicting deposition and etching of a spacer
on a semiconductor device, according to an embodiment of
the present disclosure.
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FIG. 9A is a top view and FIG. 9B is a cross sectional
schematic view depicting etching of dielectric material on a
semiconductor device, according to an embodiment of the
present disclosure.

FIG. 10A is a top view and FIG. 10B is a cross sectional
schematic view depicting etching of dielectric material on a
semiconductor device, according to an embodiment of the
present disclosure.

FIG. 11A is a top view and FIG. 11B is cross sectional
schematic view depicting deposition of a planarizing dielec-
tric on a semiconductor device, according to an embodiment
of the present disclosure.

FIG. 12A is a top view and FIG. 12B is cross sectional
schematic view depicting formation of contacts on a semi-
conductor device, according to an embodiment of the present
disclosure.

DETAILED DESCRIPTION

Detailed embodiments of the claimed structures and meth-
ods are disclosed herein; however, it can be understood that
the disclosed embodiments are merely illustrative of the
claimed structures and methods that may be embodied in
various forms. This invention may, however, be embodied in
many different forms and should not be construed as limited
to the exemplary embodiments set forth herein. Rather, these
exemplary embodiments are provided so that this disclosure
will be thorough and complete and will fully convey the scope
of this invention to those skilled in the art.

For purposes of the description hereinafter, the terms
“upper”, “lower”, “right”, “left”, “vertical”, “horizontal”,
“top”, “bottom™, and derivatives thereof shall relate to the
disclosed structures and methods, as oriented in the drawing
figures. It will be understood that when an element such as a
layer, region, or substrate is referred to as being “on”, “over”,
“beneath”, “below”, or “under” another element, it may be
present on or below the other element or intervening elements
may also be present. In contrast, when an element is referred
to as being “directly on”, “directly over”, “directly beneath”,
“directly below”, or “directly contacting” another element,
there may be no intervening elements present. Furthermore,
the terminology used herein is for the purpose of describing
particular embodiments only and is not intended to be limit-
ing of the invention. As used herein, the singular forms “a,”
“an,” and “the” are intended to include the plural forms as
well, unless the context clearly indicates otherwise.

Inthe interest of not obscuring the presentation of embodi-
ments of the present invention, in the following detailed
description, some processing steps or operations that are
known in the art may have been combined together for pre-
sentation and for illustration purposes and in some instances
may have not been described in detail. In other instances,
some processing steps or operations that are known in the art
may not be described at all. It should be understood that the
following description is rather focused on the distinctive fea-
tures or elements of various embodiments of the present
invention.

In nanowire FETs with an outer gate-all-around structure,
the charge centroid and the maximum leakage point in the
sub-threshold regime is the center of the nanowire. In the
sub-threshold regime, if one can move the charge centroid
and the maximum leakage point to the outer channel region
and thus, get closer to the gate, it may lead to improved gate
control over the nanowire channel and thus, lead to better
control of short-channel effects.

In order to form the above-mentioned structure, one needs
to epitaxially deposit the inner gate dielectric atop the inner
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gate electrode and then the epitaxially deposit the nanowire
channel atop the inner gate dielectric such that the channel is
crystalline. The above-mentioned structure cannot be imple-
mented in Si/SiGe material system for NFETs because, in
spite of bandgap difference between Si and SiGe, the conduc-
tion band offset is essentially zero. Therefore, it is not pos-
sible to form an inner gate dielectric in the Si/SiGe material
system.

FIG. 1 is cross sectional schematic view depicting a start-
ing wafer of a semiconductor device, according to an embodi-
ment of the present disclosure. Substrate 101 comprises of a
host wafer 102, a dielectric film 104, and a thin layer of a
single-crystal semiconductor 106. It should be noted that the
drawings provided are not to scale and the exemplary thick-
ness of the layers may vary where the thickness described is
not meant to limit the scope of the disclosure. The host wafer
102 may range in thickness from 1000 to 600 microns, the
dielectric film 102 may range in thickness of 0.1 micron, and
the semiconductor layer 106 may be 0.01 to 0.05 microns
thick.

In an embodiment, the host wafer 102 can be a silicon (Si)
wafer, and the dielectric film 104 may be silicon dioxide
(Si0,). The single-crystal semiconductor layer 106 can be a
III-V semiconductor such as indium gallium arsenide (In-
GaAs), indium arsenide (InAs), or gallium antimonide
(GaSb). Since the dielectric film 104 is placed under I1I-V
layer 106 it is also referred to as a buried oxide (BOX).

The substrate 101 can be formed by techniques known in
the art, such as wafer bonding, and layer transfer. Utilizing
such techniques, the single-crystal semiconductor layer 106
may be first epitaxially grown on a native donor substrate. For
example, in an embodiment in which the single-crystal semi-
conductor layer 106 is chosen to be In,, 5,Ga, 4, As, it may be
epitaxially grown on an indium phosphide (InP) substrate. It
should be noted that a person having ordinary skill in the art
will recognize that InP is said to be a native substrate for
In,Ga,_,As since, at an indium content of x=0.53, the two
materials are lattice matched. Furthermore, lattice matching
of the single-crystal semiconductor layer 106 with respect to
the donor watfer does not need to be maintained if the single-
crystal semiconductor layer 106 is kept below a critical thick-
ness. The critical thickness may be defined as the layer thick-
ness below which the lattice mismatched between the layer
and the substrate is accommodated by elastic strain. Further-
more, if the layer thickness exceeds the critical thickness
some of the strain may be relieved by the formation of dislo-
cation. The formation of dislocations (plastic deformation) is
typically undesired.

The single-crystal semiconductor layer 106 may be heavily
doped so it may be used as a conductive gate material. In an
embodiment, doping of the single-crystal semiconductor
layer 106 may be achieved using impurities that substitute a
group III or a group V atom. For example, in an embodiment
in which the single-crystal semiconductor layer 106 is com-
posed of In, 5;Ga, 4,As, impurities such as silicon (Si), tin
(Sn), selenium (Se), and tellurium (Te) may be used to make
a n-type semiconductor in which majority carriers would be
electrons. Carbon (C), beryllium (Be), or zinc (Zn) may be
used to make a p-type doped semiconductor in which a major-
ity carriers would comprise holes.

In an embodiment, the host wafer 102 with a dielectric film
104 formed thereon may be bonded to the single-crystal semi-
conductor layer 106. Using the previous example, the host
wafer 102 may be composed of silicon. The dielectric film
104 may be composed of Si0,. The dielectric film 104 may be
bonded to the single-crystal semiconductor layer 106, which
may be composed of In,, 5;Ga, 4,As. The bonding may be in
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the form ofa covalent bond formed between the surface ofthe
dielectric film 104 and the single-crystal semiconductor layer
106. In an embodiment, the single-crystal semiconductor
layer 106 may be formed on a donor substrate (not shown),
composed of, for example InP, which may then be removed,
leaving the single-crystal semiconductor layer 106 bonded to
the dielectric layer 104. The resulting substrate 101 may be
referred to as a semiconductor-on-insulator substrate.
Removal of the donor substrate may be done by etching or by
a method known in the art as SmartCut™. The SmartCut™
method relies on an ion implantation of hydrogen and anneal-
ing to induce the separation of the donor wafer from the
transferred layer.

FIG. 2A is a top view and FIG. 2B is a cross sectional
schematic view depicting a patterned layer on semiconductor
device, according to an embodiment of the present disclosure.
The single-crystal semiconductor layer 106 (FIG. 1) may be
patterned as shown in the top view of FIG. 2A to form a
patterned single-crystal semiconductor layer 106A. In an
embodiment, the definition and patterning of the single-crys-
tal semiconductor layer 106 (FIG. 1) may be done by tech-
niques know in the art, such as lithography and reactive ion
etching (RIE). The RIE process chemistry may be preferably
chosen to have etching selectivity with respect to dielectric
layer 104. After the patterned single-crystal semiconductor
layer 106 A is formed, the dielectric film 104 may be exposed
at region 200 where the single-crystal semiconductor layer
106 was etched.

FIG. 3A is a top view and FIG. 3B is a cross sectional
schematic view depicting a partial etching process and sus-
pension of a layer on semiconductor device, according to an
embodiment of the present disclosure. In an embodiment, the
dielectric layer 104 may be partially etched below the pat-
terned single-crystal semiconductor layer 106 A, thereby cre-
ating a support opening 300 to allow the suspension of a
center portion of the patterned single-crystal semiconductor
layer 106 A. The dimensions of the etching depth of dielectric
film 104 may be calculated based on a width of the patterned
single-crystal semiconductor layer 106 A, according to the
embodiment of the invention. For example, if the patterned
single-crystal semiconductor layer 106 A has a width W,
then dielectric layer 104 may be laterally etched to undercut
the dielectric by at leasthalf of the width W, ofthe patterned
single-crystal semiconductor layer 106 A. The etching dimen-
sion may be represented as the following:

ED = Eq.1

[STIES

where ED represents the etching dimensions and w repre-
sents the width of the patterned single-crystal semiconductor
layer 106A. In an embodiment in which the dielectric film
104 is composed of SiO,, diluted hydrofluoric acid (DHF)
can be used to undercut the SiO, and suspend the center part
of the patterned single-crystal semiconductor layer 106 A. It
should be noted that a person having ordinary skill in the art
will recognize that the etch chemistry utilized has to be selec-
tive with respect to the patterned single-crystal semiconduc-
tor layer 106A. Utilizing such selective etch chemistry, for
example DHF, will allow etching a pattern in SiO, without
removing portions of the patterned single-crystal semicon-
ductor layer 106 A.

FIG. 4A is a top view and FIG. 4B is a cross sectional
schematic views depicting an application of layers on semi-
conductor device, according to an embodiment of the present
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disclosure. In an embodiment, a wide bandgap semiconduc-
tor inner gate dielectric layer 201 may be epitaxially grown
and wrapped around the suspended portion of the patterned
single-crystal semiconductor layer 106 A. The wide bandgap
semiconductor inner gate dielectric layer 201 serves may
serve as a gate dielectric. In an embodiment in which the
patterned single-crystal semiconductor layer 106A is com-
posed of In, 5;Ga, 4, As, the inner gate dielectric layer 201
may be In Al,_As. When x=0.5 In Al, As is latticed
matched to In, 5;Ga, 4, As.

The inner gate dielectric layer 201 may be very thin, having
athickness of less than 3 nm. Accordingly, the wide bandgap
inner gate dielectric layer 201 may be grown strained with a
larger Al content to allow for a wider bandgap. In an embodi-
ment in which x=1, the bandgap (i.e., the energy separation
between I' conduction band minima and top of the valence
band) can be as large as 2.95 eV. Other wide bandgap mate-
rials such as phosphides or nitrides may be used. For example,
GaP has a bandgap of 2.26 eV, and AIN has a bandgap of
about 6.2 eV. Alloys, such as ZnCdSe or Zn,Cd, Mg, , Se
may be particularly utilized as wide bandgap material for
inner gate dielectric layer 201 since they may be grown lat-
ticed matched to InP, and have a bandgap 0f2.1t0 2.9 eV with
a conduction band offset as large as 80%. In an embodiment,
the growth of inner gate dielectric layer 201 may be accom-
plished by using a chemical vapor deposition (CVD) or an
atomic layer deposition (ALD) methods allowing for a con-
formal deposition of the layer. These methods may also allow
for the selective deposition of the wide bandgap material for
inner gate dielectric layer 201. Selective deposition may be
described as application of the wide bandgap material form-
ing the of the inner gate channel layer 201 only over the
patterned single-crystal semiconductor layer 106A. In other
words, no deposition takes place over the dielectric layer 104.

In another embodiment, the growth of the inner gate dielec-
tric layer 201 can be done using a metal-organic chemical
vapor deposition (MOCVD) reactor with trimethylindium
(TMIn) as the indium source, trimethylgallium (TEG) as the
gallium source, arsine (AsH;) as the arsenic source, phos-
phine (PH,) as the phosphorus source and trimethylalumi-
num (TMA) as a source for aluminum. In this embodiment,
the growth temperatures may typically range from 400° C. to
650° C.

A narrow bandgap semiconductor channel layer 203 may
be epitaxially grown so as to conform to the inner gate dielec-
tric layer 201. The narrow bandgap semiconductor channel
layer 203 may serve as the device channel. In an embodiment,
the channel layer 203 may be composed of In,, 55G ,,. Other
high mobility carrier semiconductors such as InAs may also
be utilized. In an embodiment, the growth of the inner gate
dielectric layer 201 and the channel layer 203 may be pre-
formed sequentially in the same growth chamber without
breaking the vacuum.

FIG. 5A is a top view and FIG. 5B is a cross sectional
schematic view depicting an outer gate dielectric layer depo-
sition on the semiconductor device, according to an embodi-
ment of the present disclosure. FIG. 5A depicts the top view
of the outer gate after deposition of a second dielectric layer
205, a gate conductor 207, and the definition of a gate line
208. A hard mask 209 may be used to pattern and define the
gate line 208 using a method of etching such as RIE. The
details of the layer deposition between channel layer 203 and
inner gate 106 A are described in more details in FIG. 5C.

FIG. 5B depicts an outer gate dielectric layer 205 which
may be deposited over the channel layer 203 (depicted in FIG.
4B). The outer gate dielectric layer 205 can be epitaxially
deposited similarly to the inner gate dielectric 201, described
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previously. Alternatively, an amorphous gate dielectric mate-
rial, such as HfO, or Al,O;, may be used. A gate conductor
layer 207 may be formed using a conformal deposition over
the outer gate dielectric layer 205. The gate line 208 may be
then formed by conventional techniques, such as lithography
and RIE. The gate line 208 may define the channel region of
the device. In an exemplary embodiment of the invention, the
RIE process used to define the gate line 208 may be per-
formed in two stages. In the first stage, directional (anisotro-
pic) etching may be used to define the gate line 208 with near
vertical sidewalls. Utilizing the directional etch technique,
however, does not clear the gate stack material under the
suspended structure in areas outside the channel region. The
second stage of the RIE is therefore utilized, using a more
isotropic etch that trims the gate line but also undercuts and
removes the gate material under the portions of the suspended
structure outside the channel region. The gate line 208 may be
capped with the hard mask 209, which may be made of a
dielectric such as SizN,,.

FIG.5C s a cross sectional schematic view of the outer and
inner gate, according to an embodiment of the invention. The
outer gate may comprise an outer gate dielectric layer 205 in
direct contact with, and surrounding on all sides of, the chan-
nel layer 203. The channel layer 203 may be in direct contact
with, and deposited so that it may surround the inner gate
dielectric layer 201 on all directions. The inner gate dielectric
layer 201 may be directly deposited onto, and may be in direct
contact with, the patterned single-crystal semiconductor
layer 106A. The gate conductor layer 207 may be formed
using a conventional conformal deposition over the outer gate
dielectric layer 205. The gate line 208 may be capped with a
hard mask 209 material directly deposited onto the gate con-
ductor layer 207.

FIG. 6A is a top view and FIG. 6B is a cross sectional
schematic view depicting deposition of sidewall spacers on a
semiconductor device, according to an embodiment of the
present disclosure. Sidewall spacers 301 may be formed adja-
cent to the gate line 208 (depicted in 5C). The spacers may be
formed by first depositing a dielectric layer such as SiO, or
Si;N, and then performing a directional etch such as RIE to
remove the dielectric layer from horizontally planar surfaces.
Vertical surfaces may therefore be left covered with a dielec-
tric sidewall composed of the sidewall spacers 301. It should
be noted that the sidewall spacers 301 depicted in FIGS. 6A
and 6B, are for illustration purposes and generally can have a
slightly different shape from those shown. For example, the
sidewall spacers 301 can have different shape corners that can
be naturally formed during the directional etching process as
is known in the art.

FIG. 7A is a top view and FIG. 7B is a cross sectional
schematic view depicting deposition of a heavily doped semi-
conductor layer on a semiconductor device, according to an
embodiment of the present disclosure. A heavily doped semi-
conductor layer 401 may be epitaxially deposited over the
exposed regions of channel layer 203 extending outside the
channel region as defined by the gate line 208 (depicted in
5C). In an exemplary embodiment, the heavily doped semi-
conductor layer 401 may be formed from In, 5;Ga, 4,,As and
may be doped with silicon to achieve n-type doping. In-situ
silicon doping may be practiced during the deposition of the
In, 5;Gag 4,As layer. In an embodiment, MOCVD growth
may be used to form the heavily doped semiconductor layer
401 and silane (SiH,) may be added to the gas mixture during
the growth of to obtain Si doping. Other precursors that may
be used are silicon tetrabromide (SiBr,) and silicon tetrachlo-
ride (SiCl,). It should be noted that a person having ordinary
skill in the art will recognize that the deposition of the heavily
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doped semiconductor layer 401 is selective so the material of
the heavily doped semiconductor layer 401 is only added over
channel layer 203 and no deposition takes place over dielec-
tric film 104 A or sidewall spacers 301.

FIG. 8A is a top view and FIG. 8B is a cross sectional
schematic view depicting deposition and etching of a spacer
on a semiconductor device, according to an embodiment of
the present disclosure. A dielectric layer (not shown) may be
blanket deposited over the wafer and etched back to form a
wide spacer 501. Examples of dielectric material that may be
used to form the dielectric layer include Si;N,, SiO,, a spin-
on-glass (SOG), or a low-K dielectric. The dielectric material
for wide spacer 501 should be chosen as to allow for an
adequate filling under the suspended portion of the device,
including the support opening 300 (FIGS. 3A and 3 B). The
width of the wide spacer 501 may be defined by the size of the
device source and drain regions.

FIG. 9A is a top view and FIG. 9B is a cross sectional
schematic view depicting etching of dielectric material on a
semiconductor device, according to an embodiment of the
present disclosure. Utilizing several conventional isotropic
etching steps, portions of layers 401, 203 and 201 may be
selectively removed with respect to the inner gate layer 106 A.
In an embodiment, the portions of the layers 401, 203 and,
201, that are removed may be in regions not covered by the
wide spacer 501.

FIG. 10A is a top view and FIG. 10B is a cross sectional
schematic view depicting regions of recessed dielectric mate-
rial on a semiconductor device, according to an embodiment
of the present disclosure. The dielectric material of wide
spacer 501 is recessed, exposing inner gate layer 106 A, and
support opening 300 located on dielectric film 104A. The
removal of wide spacer 501 can be accomplished by utilizing
a wet etching process that is selective with respect to gate
layer 106 A and layer 401. For example, if wide spacer 501 is
formed of SiO,, then diluted HF can be used to recess wide
spacer 501.

FIG. 11A is a top view and FIG. 11B is a cross sectional
schematic view depicting deposition of a planarizing dielec-
tric on a semiconductor device, according to an embodiment
of the present disclosure. A planarizing dielectric 601 is
deposited over the wafer covering the entire wafer including
the previously exposed inner gate layer 106A, and support
opening 300 located on dielectric film 104 A. Layer 601 may
be formed of a low-k dielectric and may be deposited by
methods suchas CVD. Alternatively, layer 601 may be depos-
ited by spin coating of the dielectric and planarized using
chemical mechanical polishing (CMP). The CMP slurry may
be chosen such that it has a minimal polish rate with respect
to gate line 208 in order to polish layer 601 and stop on gate
line 208.

FIG. 12A is a top view and FIG. 12B is a cross sectional
schematic view depicting formation of contacts on a semi-
conductor device, according to an embodiment of the present
disclosure. In an embodiment, contacts 701 A may be formed
in the planarizing dielectric 601 in direct contact with the
inner gate layer 106 A, outer gate 701B (FIG. 12A) and source
and drain (701C). The contacts 701 A may be formed using
standard via etch and metal fill followed by metal polish.
Fabrication of each contact may include multiple process
steps and generally conclude with a chemical mechanical
polishing (CMP) step used to remove excess material and
prepare the surface of a planarizing dielectric to accept suc-
ceeding contacts.

The descriptions ofthe various embodiments of the present
invention have been presented for purposes of illustration, but
are not intended to be exhaustive or limited to the embodi-
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ments disclosed. Many modifications and variations will be
apparent to those of ordinary skill in the art without departing
from the scope and spirit of the described embodiments. The
terminology used herein was chosen to best explain the prin-
ciples of the embodiment, the practical application or techni-
cal improvement over technologies found in the marketplace,
orto enable others of ordinary skill in the art to understand the
embodiments disclosed herein.

The invention claimed is:

1. A semiconductor device comprising:

a suspended semiconductor nanowire inner gate;

a first epitaxial dielectric layer surrounding the suspended
semiconductor nanowire inner gate;

an epitaxial semiconductor channel surrounding the first
epitaxial dielectric layer;

a second dielectric layer surrounding the epitaxial semi-
conductor channel;

a gate conductor surrounding the second dielectric layer,
wherein the gate conductor is patterned into a gate line to
define a channel region overlapping the gate line; and

a source-drain region adjacent to the gate line.

2. The semiconductor device of claim 1, further comprising
a doped semiconductor layer in contact with at least a portion
of the suspended semiconductor nanowire inner gate,
wherein the doped semiconductor layer comprises InGaAs.

3. The semiconductor device of claim 1, wherein the first
epitaxial dielectric layer is one of InAlAs, AIN, ZnCdSe, or
Zn,Cd Mg, . Se.

4. The semiconductor device of claim 1, wherein the epi-
taxial semiconductor channel is comprised of a narrow band-
gap material.

5. The semiconductor device of claim 1, wherein the
source-drain region comprises heavily doped InGaAs.

6. The semiconductor structure of claim 2, further com-
prising:

a first spacer layer in mechanical contact with a first side-
wall of the gate line, wherein a portion of the first spacer
layer is between the doped semiconductor layer and the
outer gate line; and

a second spacer layer in mechanical contact with a second
sidewall of the gate line, wherein a portion of the second
spacer layer is between the doped semiconductor layer
and the outer gate electrode;

wherein a length of the first space layer and a length of the
second spacer layer are substantially parallel to a width
of the substrate layer.

7. The semiconductor structure of claim 2, further com-

prising:

a first wide spacer layer in mechanical contact with a side-
wall of the first spacer layer below a bottom surface of
the doped semiconductor layer;

a second wide spacer layer in mechanical contact with a
sidewall of the second spacer layer below the bottom
surface of the doped semiconductor layer;

wherein a length of the first wide spacer and a length of the
second wide spacer layer are substantially parallel to a
width of the substrate layer.

8. The semiconductor structure of claim 1, wherein the gate

structure further comprises:

a hard mask layer directly above and in mechanical contact
with a top surface of the gate line.

9. The semiconductor structure of claim 1, wherein the
semiconductor nanowire inner gate comprises a single-crys-
tal semiconductor.

10. The semiconductor structure of claim 1, further com-
prising:
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a planarizing dielectric layer in direct mechanical contact
with exposed surfaces of the nanowire layer, and the gate
line.

11. The semiconductor structure of claim 10, further com-

prising:

a first contact layer in the planarizing dielectric layer hav-
ing a bottom surface in electrical contact with a top
surface of the doped semiconductor layer adjacent to a
first sidewall of the gate line;

a second contact layer in the planarizing dielectric layer
having a bottom surface in electrical contact with a top
surface of the doped semiconductor layer adjacent to a
second sidewall of the gate line;

a third contact layer in the planarizing dielectric layer
having a bottom surface in electrical contact with a top
surface the suspended semiconductor nanowire inner
gate adjacent to the first sidewall of the gate line; and

a fourth contact layer in the planarizing dielectric layer
having a bottom surface in electrical contact with a top
surface the suspended semiconductor nanowire inner
gate adjacent to the second sidewall of the gate line.

#* #* #* #* #*
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